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Al)slr:tct

We  I elm] t t]Ic. fil St obsc.] vatioli of lJV ]Llntilicsc.c]lcc.  ftml] ~,:{ SCOUS (:t,o al]d (~70
I]llcklllillstcl fllllclclics illduccd  by Clcdron  illi])act  excitation. ‘J’hc Clllissioll fe.alll ICs a]qmal
i]] tlIe. 2 .75  to 340 nnI wavcIcIIgth  le.gic]ll  a]ld o]if,i~latc. frolll ladiative.  dmay of tllc cxcitd
ic}liic  s]mcic.s. 1 ‘]l]issiml s]wdIti  (at ?0, 30 aIId 103 c.V illl]mct c.llc.lg,ic.s)  a]id onset va]ucs  a]Id
c.xcilat io]l fulldions  for t h e  five.  Cntissicnl  fcalulcs  a]qw.a] illp, ill t}lc C.lllissioll  S]wct]a ale.
plcsmltc.d.
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‘1’llc (;60 ([)~lcklllil]stc.l fllllclcllc  m buckyball)  )llolcculc.  was discmcle.d  ill 1985(1) but

it was oIIly ]ccc.ntly(?) that subslalltia]  anloullls  clf ~(o a]ld & ]llolcculcs  could  bc ploduced

fo] c.x[cllsivc  stlldic.s.  A lalgc ]]u][lbc) of il]vcstip,atic)l]s  ailllcd at dctcl]llillillg  tllc ]) IO])CI  [its

of tllcsc. nlolc.cmle.s  has  bee.]]  dc.sc.libccl  in the .  ]itc.raturc.  dul ill:, the. ]mst twc~ yc.a~s. WC,

]c.pol [ hc.]c. the. fiJ-st  obsclvatioll  :illd study c~f clcc.tl C~ll-illl~jact-illCl~icc(l  lJV fluc>l Cscc]lcc of

va]m] lJl]asc ~~60 and (~70 fullc.l-c.]lc.s  al)d assign tllc.sc.  cltlissiolls  to clcdl  ollic tlallsiliolls  ill the

co] I C.s]mlldillg  ic~lls.

Ilchida  cl al.(3J IC.po] [cd c.lc.c.tl c~l~lJ1lillc.sccl]cc.  c~f solid <~w -1 (U70 IIlixt(llc  ill a dimlc.

al”] an~,c.l)lc.nl. I t  a]q>c.a Jd as a bIoad  c.JIJissioll  ill t h e .  400 to 9(1(1  n]ll IaIIp,c  ])caking  at

aImlJld 533 nil]. l{c.bc,l  c.t a l .( 4 )  studic.d  s o l i d  Cm fill]ls (Icl)c)sitc.d  OII {~al;z  at ?OK a]ld

obsc,nd  l[llllillcscc.llc.c  ill the. “/00 to 1,100 ]Inl 1 an~,c. “1’hc fillllswc.lc  c.xcitc.d  b y  li~,llt  ill  tlIc.

3501063311111 wave.lcnf,th Ianp,c. Al bogast  and ];mtc(~) dc.lc.ctcx]  weak flu OJ C. SCC.IICC.  iII t hc.

600”  10 800”  111)1  J’Cf,iO1l fl”OJll  C:70  lllolcc~llcs  a t  l~~ol~~  t~Jl~])c~atlll’c  ill llC~aJlc  :111(1  ~)CJl~~llc

so]ut ions  with (1 V aJld visib]c. light c.xcitatioJl,  1 C.s])cdivc.ly. ‘] ‘hCy akO ObSCJ d f]ll 01 CSCCJICC

flolll p,lass solutioJl at 7’/K ill tllc.  650 to 725 nJi~ Jc.~,ioll. No f]UOJ C. SCC.IICC fl 0111 c~c,O could  bC

(]~tc.dd  i]] the.sC st l] dic.s. Wasic.]cvdi  c.t al.(c) stlldicd  ])hos])h[)l  ~sCc.llc.c. s])ccd t a ~}f ~;c~ aJld

(:70 iJl dq,asscd  tOhlC.JIC.  soltltioJls. ‘1’hc  o p t i c a l  e x c i t a t i o n  w a s  achic.vcd  by 4 sc.c flashc,s  at

5]5 :iJI(l 450 1111)  fOJ” ~M all(] ~~70,  ]c.s])~divc.]y. ‘ 1  ‘hc.y C)bsc]  Vcd phosphol  C.sccllcc  a t

\WVC.]C.Ilf,t]lS l“a  Jl~,i Il~ fI”Ol[)  ‘i~()  tO 890  11111 fOJ ~:-/o,  bllt IIOt fOl {~({}. lhscd o]l 1 ‘1’R sludics,

they conclude.d that tli])lc.t  (~(fl  was follncd  but it dccayc(l tc~ tllc f,] c~lJll~l  state })] c(~olllillal~tly

by 1101 I-J :ldi:itiVC  ])1 OCC.SSC.S. M O J  c I c.ccIItly,  Sib]cy  ct al.(7)  ObSC.J  vd w e a k  fluoJ  CSC.C.IICC. ill

glassy  tohcmc. s o l u t i o n  a t  77K for  c~w and c~70 in tllc 625 to 1,000 IIJII Jcp,io]l  aJl(l ill s~~li(~
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]jolyclystallinc  (’a and (~70 it] the 650 to 835 and 625 to ‘i-/(I  ml~l region, mspc.ctivc.  ]y. Kin]

and 1 cc. ‘8) foun~i fluore.sccnm  flmm both C’,(0 and {~70 in mom  tcmpcratun2  toluc.rle.  and

I)cnn.]le  solutions in the 600 to 850 Ilm le.g,ioll followillp, excitation at 5?5 llm. ‘1’he

flum csccnm peak iutc]lsity  of (~w, was abcmt  five. times weaker thalt that of {~70 and appcamd

at longc] wave.lc.ngtl]s. All these obscl vcd luli~il)csccnccs in the. condc.rtsd  pllasc  WC.1 c. due.

to slow radiative clccay of the low-lying, optically forbidden sing]ct and tl iplet  lcvds of the

mdcculcs.  ‘1’o our knowldgc,  no hlmincsccnce.  from gaseous l)~lck[~~i]lstc.rfllllc~  e.nc has CNCr

bc.c.n  re.])o) ted. Wc de.scribe. hc] c. the mwlts of OUI studies Cxmcc.rni]lg  clcctlc)ll-illl]-)act-

illduccd  fluorcscc.ncc  of va]mr-phase fuIlcrc.llcs (pulc C~W a]]d ~~u al]d tllciJ IIlix[ulc.s).

‘1’llc  buckyball  bcal]] fm the  ])lcsellt  s t u d i e s  was fmmcd by  I)catillg,  a c] uciblc,

containill~  tllc sample. ‘1’he heating was achicvcd  by a dcmblc., coaxial wire wound arcmlld

the c1 [Idle. ‘1’he vapor cffusd thI ough a 0.’75 niIJl cliamctm  hole  and fo]~ncd the targcl

beam without  further Ccdlimnticn]. ‘1’llc  hc.alc.] -crucib]c  stl uctum was surrounded by a metal

shield ancl the tc.mpcrature.  was mo]~itorc.cl  by a the.rll)occmp]e. ‘1’hc. molcculal  bea]ll was

c] ossd by a magnc.tically  collin~atd  clcctjcm beam at a distance of about 6 nlll~ f] om the

]mint of effusion. ‘J’hc clcctJon bcall)  Cullellt  rtiIIgcd flolll fcw to about  100  IIliclo ampc.rc

ili various sludics,  but was nearly constant ill each  study from 5 cV to 150 c.V which was

tllc u]q)cr  limit of ou]- cnc.rgy range. ‘1’hc c.xpc.rinlcnta]  arrangement ancl procedure.s were

otl]crwisc  tllc san~e as dcscribd by h4c~cnikcy c.t al(9).

1 ‘.nlission spectra of cm, ~70 and thcil  mixtarc. WC]C obtainc.cl  in the. 180 to 500 n]n

m~,ion at c.lccty  on illlpact  c.ncl gic.s ranging fron] 2.0 to 103 c17, but strong  c.rnissiol) features

were obscnd only iI~ the 275 to 340nm wavdcngth  region. Some spc.ctl a we] c taken  with
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?..S nm mso]ution  but these showed no mom detail than the spcdra taken with 5 nm

lcsolution.  ‘1’here.fmc., to optilni~)c the e.xpc.] ilncnta]  conditions, wc pcrforme.d  most of the

mcmulcments  at Ihc lower rc.solution. ‘1’]Ic, illitia] ilivcstigation  was carried out with a

buckybal]  mixture containing about 66% ~m, 25%1 ~T~ and ~% cad of ~T~, ~7g alld ~8d. ~:CM

the fiJlal measurements the substantially more. expensive pure cm and ~70 samp]cs  were

t] SC(1 . ‘I”he mixtulc. and pure. cm (bc.tter than 99.5% purity) samples were ~)rocurd fl mu

Matcria]s  and 1 Ucctrochc.mica] Rc.sc.arcl) Clol-lJolaticm. ‘J’hc. (;70 sample. was prcpaJd by

S1 ivastava  and JonglOa by hc.sting the mixture at around 350°~ for several clays to clilninatc

the ~GO which has a vapor pressure about  10 times highm tha~l ~70 at this tmnpcraturc.  ]l

“J’hc col~lposition  of the vaI)cn was nlonitorcd  by timr. of flight mass spcctromctry  (using

cle.ctl-oll  impact  ioniz.atio]])  and indicatd  tlic elitninatiml  c]f Clm. l;tlcctrc)ll-il]l]Jact ioni7,atioll

studies carJicd  out  by S] ivastava  ct al. 101’ illc]icalc.(]  that no flagJncntation  of buCkyballs COUld

take  plain at the clcctroJ} impact energies IJSCX1  in the prcse.nt  study.

Wavelength calibraticm  of the. clnission  spectra was achie.vcd  by obtaining spcctJa  of

buckybal]  and IIc. (and lmckyball  and Nz) simultancous]y  and utilizing the trip]ct  tral~sitiol~

lillcs of IIe and the second positive bands [(dllu(v’)  - ~ 11311 g(v”)] in N2. ‘1’hc permanent

gases were introduced through an auxilia:y  ca~lillary. ‘1 ‘hc wavelength scale  is accu~ate  to

abotJt ti.5A. l’he relative response function of the systcm is expected to be constant cwcr

the 2.75 to 340 nm region (base.d on the. }]l~otol~]tllti~)lie.l-  response, window transJl~ission  and

gmtiJ~g cfficicncy).  “1’his  was also chc.cke.d  agaiJlst  the relative excitation flJnction  value.s of

I IC lines and  Nz bands. “1’hc]cforc, the. spcct] n rccordcd  in the pmcnt experiment rcprcscnt

the t] ue. relative excitation functions for the emission features.
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Typical emission spectra arc shown in Fig. 1  for C@and C70at  20, 30anc] 103cV

impact energies. The emission fcatums  arc broad (-13 nm) compared to the wave-length

resolution (--4 nm) of the apparatus and no shift in the position or width of the features

is apparent fo~- the two cases. The. mlativc  intensities of the emission features differ  Iittlc

for CCO and C70, but S11OW significant ChangCs  with inqJaCt energy. ~;TNission  sPeCtra obtained

at 2,0, 30 and 103 eV impact energies clcmonstratc  the change  with impact energy. ‘1’here

arc five distinguishable features in these spectra indicated as 1 to 5. FcatLlres I and 2 and

features 3 and 4 heavily overlap, but arc distinguishable. at 103 CV impact energy  where

features 2 and 4 become  stronger. lrcature  5 is recognizable only at higher impact cnclgies.

‘1’here is a clear indication for a diffcrc]lt  impact energy  dcpendcncc  of the. emission

feature.s 2, 4 and 5 compared to 1 and 3. ‘J’hc nican  wavelengths corresponding to these

features are listed in “l’able 1.

Onset values at wavelengths corresponding to the peak of the five features were

obtained in a two-step proccclurc. };irst, relative  onset  value.s were measured for pure CbO

and C70 samples. In the second step onset values were obtainc.d for He, and for fcatu  rc 3

of CM (C70) under identical cxpc]-imcntal conditions. In these mcasurcmcnts IIc and

buckyba]l  spccics  were simultaneously ]jrcscnt  in the inte]-action region. Emission intensity

as a function of impact energy were mcasurccl  at fixed wave.le.ngths corresponding to the five

peak values of buckyballs  and the various Hc lines in the onset region with 0.05 eV steps.

l~or the calibration of onset values, He rather than Nz was used since the onset for the Hc

trip]ct  emission features wc]-e sharper and better defined than  those of Nz. ‘1’hc contact

potential was determined from the difference bctwccn  the measured and well known onset
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v a l u e s  for the IIe (n 3 P + 2 3S), n= 3,4 and 5 (lines  388.9, 318.8 and 294. S mm,

rcspectivcly).  It was found to be consistent for the.se three lines to within 0.10 eV and

typically of the order of 3.OeV. The coJltact potential was found to be sensitive to electron

bc.am current and lIe input pressure. “1’his was due to space charge. and surface effects.

~’hc correct contact potential was obtained from the low-current,  low-prmurc

mcasurcmemts.  T’hc relative onset values measured in pure Clm and ~TO samples were then

corrccte.d  for the contact potentia]  to get the absolute onset values. Feature 4 overlaps with

the 318.8 nm }Ic line and at this wavelength the onsets for] Ic aJld ~a (~70)  can bc directly

compared. l;or this case the contact potential was also consistent with those measured as

clcscribcd above to within ~ 0.10 cV.

Rc]ativc  c.xcitation functions (“bancl” emission cross sections) were obtained by

mc.asuring  the emission intensities as a function of elcctlon impact energy from below

threshold to 150 eV (with 0.25eV  steps). I;igure  2 shows these functions for the five

emission features in Clm and ~TO. ‘1’hc curves fall into two main categories. Iior  features 1

Rnd 3 the onset is sharp and a W C]] clcfine.d peak appears at just a few eV above  threshold.

I;or features 2 and 5 the onset is much more gradual and only a very broad, not clearly

defined peak appears at about 50 eV above threshold. Feature 4 shows an intermediate

character with its peak at about 25 cV. The excitation function curves for ~W and CTO were

found to bc similar. The electron impact energy values corresponding to the e.missicm

onsets and peaks for the various features are also given in ‘1’able 1,
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The ionization potentials for CM and CTO have been found to be identical within

cxpcrimcntal  error limits. Zimmerman et al.12, using charge transfer bracketing techniques,

obtained 7.61 t 0.11 eV (adiabatic value) for both  species. I“’he vertical ionization potential

was measured by Lichtenberger  et al.l~ as 7.61 2: 0.02 for C@ (based on photo electron

studies) and by Hcrtcl et al.14 as 7.54 t 0.04 and 7.3 A 0.2 ev for Cm and C70, respectively

(using photoionization).  Baba et al.” obtained a value of 8.5 f 0.5 CV from the electron

impact ionization onset curve. For the present discussion wc use the value of 7.54 eV. It

is evident from the onset values that the observed radiation is due to decay of the excited

cations gcncratcd  by electron impact. ‘1’his mechanism is consistent with the onset value of

about 11.5 eV, photon energy of about 4.0 CV ancl ionization potential of about 7.5 cV. It

is interesting to note that in the photoionization  studies of 1 lertcl cl al.ls the ion yielcl  versus

photon energy curve for CM clearly shows a sudclcn  increase at about 11.5 cV. Wc interpret

this as an opening of a new channel for ionization which is iclentica] with the one.

responsible for the radiation observed in the present stucly. Autoionization,  as a possible

contribution to this rise, can be eliminated since we found no discrete feature in the

electron-irnpact energy-loss spectra of CWIG. ‘l-he analogous ionization curve obtained by

Hc]-tcl et al.14 for CTO looks somewhat different than the Cm curve. Opening of a new

ionization channel at around 11.5 eV is not as clear in this case but there is a clcfinitc hint

for it. ‘1’he lack of prominence may be due to lower signal to noise ratio for the CTO curve.

or to a diminished relative importance of this channel in the case of C 7 0. ‘J”’he latter

assumption is comistent  with our observations concerning the emission intensities of Cco ancl

CTO. I.ichtenberger  et al.13, based on their photoelectron spectroscopic stuclies of thin solid
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(3-layers) Cm, assigned values of 8.95 and 10.82 to 11.59 eV to the second ancl third vertical

ionization potentials, respectively. The ionization channel that we find in connection with

the near 4 eV fluorescence, most likely corresponds to the third ionization channel and the

onset value indicated by the work of I.ichtenbergcr  et al. is in good agreement with our

mcasu~cmcnt.  Some change going from the condensed to the gas phase may occur but no

significant shift is

There has

fullercncs, the i r

expected. *3

been a great deal of speculation concerning the possible presence of

ions  or  hydrogenated  forms of  fullerenes  in the intcrstel]ar  and

circumstellar clouds. It has been suggested that these species may be responsible for some

of the unidentified diffuse interstellar absorption and mission bands, the strong UV

absorption at 217 nm and/or the unidentified in frarccl emission features. Recent discussions

ancl summaries concerning these matters can be fount] in Re.fs 17 to 23. It has been

ccmclude.d, however, that there is no clear-cut evidence for Cm or C,O and their ions to be

the carriers of the unidentified interstellar features. “J’he present study confirms this

conclusion. We found no emission from neutral fullerenes  in the 180 to 500 nm spectral

region. Me.  emission observed and attributed to CM+ and CTO’ do not correspond to anY

of the unidentified interstellar features. On the other hand, the present study establishes

the presence of emission by b~lckl~~ir]sterf[lllcrelles  under electron impact and the wave

lengths associated with these emissions, thus clearly defining the signature of emission which

can be used for the identification of Cm+ and CTO+ “in the interstellar environments. The.

present observation also has an important implication concerning the performance of ion

engines contcmp]ated  to utilize buckyballs  as propellant.24
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‘1’able 1. Summary of emission peak wavelengths and onset and peak energy values for
the excitation functions of Cm and CTO

r-–——————T
—.- ———.——  —--— -—.~__—–_. ——...——..——

I~Zmission Pt-.——
Feature No. a (~

r----l ‘--1 2840 + 10
2 2885 ? 10
3 3100 t 10
4 3145 t 10
5 3265 t 10

— —

‘-A’’(ev’-l=-
4.36 11.8 f 0 . 2

I____

11.7 t 0.2
4.30 11.7 t 0.2 11.7 f 0.2
4.00 11.7 f 0.2 11.6 t 0.2
3.94 11.7 t 0.2 11.6 k 0.2
3.80 11.9 10.2 11.6 ~ 0.2

—.——. -. -—-- —. ..— — .. ———.  —

— .—1Peak (eV)

. . ““-i
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1. Electron-impact photoemission  spectra of gaseous Cm and CTO buckminsterful]  erenes.
The emission features are numbcre.d  1 to 5 and indicated by arrows. The two digit
numbers next to the spectra refer to the electron impact energy in eV.

2. Relative electron-impact excitation functions for emission features 1 to 5 in CbO and
CTO molecules. See text for discussion.
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